Background-Interactions of endothelial progenitor cells (EPCs) with vascular and blood cells contribute to vascular homeostasis. Although platelets promote the homing of EPCs to sites of vascular injury and their differentiation into endothelial cells, the functional consequences of such interactions on platelets remain unknown. Herein, we addressed the interactions between EPCs and platelets and their impact on platelet function and thrombus formation. Methods and Results-Cultured on fibronectin in conditioned media, human peripheral blood mononuclear cells differentiated, within 10 days of culture, into EPCs, which uptake acetylated low-density lipoprotein, bind ulex-lectin, lack monocyte/leukocyte markers (CD14, P-selectin glycoprotein ligand-1, L-selectin), express progenitor/endothelial markers (CD34, vascular endothelial growth factor receptor-2, von Willebrand factor, and vascular endothelial cadherin), and proliferate in culture. These EPCs bound activated platelets via CD62P and inhibited its translocation, glycoprotein IIb/IIIa activation, aggregation, and adhesion to collagen, mainly via prostacyclin secretion. Indeed, this was associated with upregulation of cyclooxygenase-2 and inducible nitric oxide synthase. However, the effects on platelets in vitro were reversed by cyclooxygenase and cyclooxygenase-2 inhibition but not by nitric oxide or inducible nitric oxide synthase inhibition. Moreover, in a ferric chloride-induced murine arterial thrombosis model, injection of EPCs led to their incorporation into sites of injury and impaired thrombus formation, leading to an incomplete occlusion with 50% residual flow. 
ndothelial progenitor cells (EPCs) are believed to contribute to vascular biology and hemostasis. Although EPCs have been localized in cord blood, bone marrow, and peripheral blood as well as in some regenerative tissues, controversy relative to their isolation, identification, and functionality still exists. Indeed, the term EPC has been employed to describe different populations of multipotent cells that have the capability to differentiate, depending on the environmental cues, into mature endothelial cells (ECs). These cells are extremely rare in peripheral blood, but their number can be markedly increased after treatment with mobilizing cytokines or vascular trauma. 1 Nevertheless, cells with progenitor and endothelial phenotypes have been generated in vitro from peripheral blood mononuclear cells (PBMCs) [2] [3] [4] [5] [6] [7] [8] [9] [10] and have shown potential therapeutic applications in vascular tissue engineering and cell-based therapy. 5, [11] [12] [13] [14] The use of ex vivo expanded EPCs in animal and clinical studies has shown beneficial effects in reendothelialization and neovascularization, as well as in the prevention of hybrid graft thrombosis and rejection 11, 12, 15 and late stent thrombosis. 14, 16 However, the mechanisms that regulate mobilization, migration, and differentiation of EPCs and their homing to sites of vascular injury are complex and involve several mediators and receptors, such as P-selectin glycoprotein ligand-1 (PSGL-1), ␣ 4 integrin, CXC chemokine receptor-2 and -4, and ␤ 1 -and ␤ 2 -integrins. [17] [18] [19] [20] Furthermore , it has been shown that the interaction of platelets with EPCs influences their chemotaxis, adhesion, activation, and differentiation into mature ECs during vascular repair. 17, 19, [21] [22] [23] [24] Collectively, these studies suggest the existence of a cross talk between EPCs and platelets in the regulation of each other's function.
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Platelet activation and adhesion to damaged blood vessels represent the first step in atherothrombosis. 25 At sites of vascular injury, platelets roll and interact with various components of the subendothelial matrix via a number of adhesive receptors expressed on the platelet surface. This, in turn, induces signaling that leads to platelet aggregation through glycoprotein (GP) IIb/IIIa (␣ IIb␤3 integrin) activation and binding to fibrinogen. 26 Platelet activation is accompanied by the translocation of P-selectin (CD62P), which contributes to the recruitment of other blood leukocytes. 27 In this regard, CD62P has also been involved in the interaction of platelets with EPCs. 17, 21, 22 Although platelets promote the homing of EPCs at sites of vascular injury and favor their differentiation into ECs, the functional consequences of such interactions on platelets remain unknown. In fact, EPCs secrete many vasoactive and angiogenic factors that may modulate vascular thrombosis and hemostasis. Accordingly, we hypothesized that they might influence platelet function. We therefore designed the present study to determine the impact and the mechanisms of action of EPCs on platelet function in vitro and in vivo. We found that human PBMC-derived EPCs bound platelets via CD62P and inhibited platelet activation, aggregation, and adhesion to collagen in vitro and thrombus formation in vivo, predominantly via upregulation of cyclooxygenase-2 (COX-2) and secretion of prostacyclin (prostaglandin I 2 [PGI 2 ]).
Methods
Methods are available in the online-only Data Supplement. This study has been approved by the human and animal ethical committees of the Montreal Heart Institute. All human subjects were healthy volunteers of either sex aged from 20 to 55 years. They gave informed consent and were free from any drugs that interfere with platelet function.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written. 
Results

Characterization of PBMC-Derived EPCs
We first characterized the differentiation of PBMCs into EPCs according to their time-dependent appearance in culture, morphology, surface markers, proliferation rate, and functional properties. As shown in Figure 1A , human PBMCs differentiated after 5 days of culture into an adherent population characterized by a central cluster of round cells with few sprouts of elongated cells at the periphery defined as a colony-forming unit-EPC (CFU-EPC). The number of CFUEPCs that derive from 5ϫ10 6 PBMCs averaged 8Ϯ4 colonies per well. After 10 days, the cells formed a monolayer of spindle-shaped flat cells. Cells at both 5 and 10 days of culture were positive for acetylated low-density lipoprotein uptake and ulex-lectin binding ( Figure 1A ). To gain more insights into the nature of these ex vivo expanded cells, we used flow cytometry to quantify the expression of typical markers on the surface of cells during their differentiation. As shown in Figure 1B , freshly isolated PBMCs expressed predominantly the monocyte/leukocyte markers CD14 (87%), PSGL-1 or CD162 (93%), and L-selectin or CD62L (46%), whereas the progenitor and endothelial markers were missing.
At day 5, the cells started to express progenitor/endothelial markers, whereas leukocyte markers were downregulated. After 10 days of culture, the progenitor/endothelial markers were highly expressed (63% CD34, 40% P-selectin, 33% vascular endothelial growth factor receptor-2 [VEGFR2], 85% vascular endothelial cadherin [VE-cadherin], and 97% von Willebrand factor), whereas the monocyte/leukocyte markers CD14, PSGL-1, and L-selectin were absent. The platelet marker CD41 was absent in all cell populations, indicating that these cells were devoid of platelet contamination. Moreover, cells after 10 days of culture were found to be highly proliferative, as shown in Figure 1C .
EPCs Bind Platelets
The adhesive interactions between platelets and EPCs were determined by assessing the number of activated platelets that bound to 100 cells. As shown in Figure 2A , the binding averaged 157 platelets per 100 cells for freshly isolated PBMCs and decreased to 54 for EPCs at day 10 of culture. Inhibition of P-selectin significantly reduced platelet binding by 66% for PBMCs and 50% for EPCs, whereas the blockade of PSGL-1 was only effective in preventing the binding of platelets to PBMCs but not to EPCs. As control, the binding of platelets to PBMCs or EPCs was not affected by L-selectin blockade.
EPCs Inhibit Platelet Activation and Aggregation
We then investigated the impact of EPCs on thrombininduced platelet activation by assessing the translocation of CD62P and activation of GPIIb/IIIa by flow cytometry. As shown in Figure 2B through 2D, platelet activation was completely inhibited in the presence of the supernatant of EPCs, as revealed by the absence of CD62P translocation and GPIIb/IIIa activation, whereas the supernatant of PBMCs had no significant effect on platelet activation.
Given that EPCs impair platelet activation, we sought to examine their functional impact on platelet aggregation in response to 2 physiological agonists, thrombin and collagen ( Figure 3 ). Platelet aggregation was not affected by PBMCs but was significantly decreased by washed EPCs in response to both agonists ( Figure 3A , 3C, 3D, and 3F). Moreover, platelet aggregation was completely inhibited by the supernatant of EPCs in response to both platelet agonists, whereas the supernatant of PBMCs had no significant effect ( Figure  3B through 3E) . Thus, the predominant effects of EPCs seem to be related to the release of platelet inhibitory factors that downregulate platelet activation and aggregation.
EPCs Inhibit Platelet Function via PGI 2 Secretion
To reveal the factor(s) responsible for the inhibitory effects of EPCs on platelet activation and aggregation, we preincubated differentiating cells with COX and nitric oxide (NO) inhibitors because prostaglandins and NO constitute potent modulators of platelet function. These treatments did not affect the differentiation of PBMCs into EPCs and did not alter their proliferative capacities (data not shown). The culture supernatant from treated cells was collected and assessed for PGI 2 and NO secretion and tested on platelet aggregation. As shown in Figure 4A and 4B, EPCs released high levels of PGI 2 and NO. In contrast to EPCs, the amount of PGI 2 and NO released by PBMCs was negligible. Moreover, the release of PGI 2 and NO was totally prevented when differentiated EPCs were cultured in the presence of indomethacin (a COX inhibitor) or 2-phenyl-4,4,5,5,-tetramethylimidazoline- 6 /mL) or in the presence of 5ϫ10 6 /mL PBMCs, EPCs, or their supernatants were coincubated in a 4-channel lumiaggregometer under shear conditions (1000 rpm) at 37°C. Platelet aggregation was initiated by adding thrombin or collagen and then monitored for 5 minutes. C and F represent the mean data and SEM of 4 to 8 independent experiments, summarizing the effects of the different cell populations on thrombin-and collagen-induced platelet aggregation, respectively. *PϽ0.05, **PϽ0.01 vs control. Figure 4C , COX-1 was detectable in freshly isolated PBMCs (day 0) and increased in EPCs at day 10. However, COX-2 was specifically upregulated after the differentiation of PBMCs into EPCs. Similarly, iNOS was poorly expressed in PBMCs and profoundly increased in EPCs, whereas eNOS was barely detectable in both cell populations. Interestingly, the antiaggregatory or inhibitory effect of EPCs on platelets was reversed by incubating cultured EPCs with indomethacin (even in the presence of superoxide dismutase) or NS-398 (a COX-2 inhibitor) but not with PTIO, N G -nitro-L-arginine (a NOS inhibitor), or 1400W (an iNOS inhibitor) ( Figure 4D and 4E) .
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Taken together, these data indicate that, although EPCs specifically upregulate the expression of COX-2 and iNOS and release PGI 2 and NO, their main effect on platelet activation and aggregation appears to be PGI 2 dependent.
EPCs Reduce Platelet Adhesion Under Flow
Because EPCs inhibit activation and aggregation of washed platelets, we then assessed their impact on platelet adhesion to collagen in a whole blood perfusion system. As shown in Figure 5 , perfusion of whole blood resulted in almost 25% coverage of the collagen surface with platelets, which was reduced to 7% by a GPIIb/IIIa antagonist, Reopro (positive control). Coincubation of blood with PBMCs or their respective supernatant had no significant effect on platelet adhesion. In contrast, the presence of EPCs or their supernatant reduced significantly platelet adhesion by 23% and 53%, respectively. The effects of EPCs and their supernatant were reversed, once again, by pretreating EPCs with the COX inhibitor indomethacin. Hence, the effects of EPCs on activation and aggregation of isolated platelets were also highlighted in a more physiological approach of platelet adhesion under flow in whole blood.
EPCs Incorporate at the Sites of Mouse Carotid Injury and Inhibit Thrombus Formation
Having shown the impact of EPCs on activation and aggregation of washed platelets and on adhesion in whole blood in vitro, we hypothesized that they may impair platelet function in vivo. Therefore, we examined the effect of EPCs on thrombus formation by injecting freshly isolated PBMCs and cultured EPCs or their supernatant intravenously into mice 15 minutes before FeCl 3 -induced carotid arterial injury. As shown in Figure 6A , mice that received PBMCs had blood flows similar to those of control mice, which were characterized by complete occlusion of the arteries Ϸ10 minutes after FeCl 3 -induced injury. In contrast, injection of EPCs or their supernatant significantly impaired thrombus formation, leading to an incomplete occlusion with 50% and 100% residual flow, respectively. To further analyze the characteristics of the formed thrombi, the arteries were fixed immediately after blood flow measurements and were subjected to fluorescence confocal microscopy and histological and immunohistochemical analyses. The circumference of the arteries and thrombi was measured by computer-assisted planimetry, and the thrombus size was reported as percentage of total lumen area. Compared with control-and PBMC-treated arteries, which showed complete occlusion ( Figure 6B and Figure 7A and 7E), the arterial thrombus formed in EPC-treated mice was partially occlusive ( Figure 7I ) and was significantly reduced by 80% and 33% by the supernatant of EPCs and EPCs, respectively ( Figure 6B ). In another set of experiments, PBMCs and EPCs were labeled with a fluorescent cell tracker before their intravenous injection and were identified in the luminal aspect of the thrombi as a cluster of red fluorescent clumps ( Figure 7F and 7J) . Injured arteries from control mice, used as negative control, were devoid from any staining ( Figure 7B ). This was also revealed in sections of injured arteries immunostained with an anti-CD34 antibody ( Figure  7D, 7H, 7L) . In control-and PBMC-treated mice, the injured carotids were negative for CD34 ϩ cells. In contrast, focal accumulation of CD34 ϩ cells, representing 10Ϯ2 cells per thrombus cross-sectional area, was observed within the thrombus and along the vascular wall in the carotids of EPC-treated mice.
Discussion
The present study provides novel evidence for the regulation of platelet function by EPCs. We found (1) that human PBMC-derived EPCs bound platelets via CD62P and (2) that PBMC-derived EPCs inhibited platelet activation, aggregation, and adhesion to collagen in vitro and thrombus formation in vivo, predominantly via upregulation of COX-2 and secretion of PGI 2 . This study reveals a new biological role for EPCs in controlling platelet function, which may in turn limit thrombogenesis and maintain hemostasis at the sites of vascular injury.
It is well established that mobilization and recruitment of EPCs from bone marrow contribute to cell-based therapy and vascular repair. Thus far, therapeutic application of EPCs is still limited by the paucity of available cells. The "ex vivo" outgrowth of EPCs is, therefore, very important to ensure that an adequate cell number is available for their characterization and therapeutic application. Indeed, it has been shown that peripheral blood contains a complex assortment of progenitor cells that possess the ability to differentiate into EPCs in vitro. 28 -30 In this connection, we succeeded in adequately differentiating EPCs from PBMCs. The morphology of these cells changed from a population of irregular and small rounded cells to a flattened, spindle-shaped population that forms CFU-EPCs during the differentiation process, uptakes Dil-acetylated low-density lipoprotein, and binds ulex-lectin. Additionally, the expression pattern of surface markers of cultured cells changed during differentiation, as demonstrated by a decrease in pan-monocyte/leukocyte markers and an increase in progenitor/endothelial markers, as well as by their capacity to proliferate after 10 days of culture. Such a subtype of differentiated EPCs displayed some of the morphological, phenotypical, and functional characteristics of late EPCs that derived from the adherent population of PBMCs when plated on collagen or fibronectin in the presence of endothelialspecific growth media. 9, 10, 30, 31 Accumulating evidence suggests that platelets play an important role not only in hemostasis and thrombosis but also in inflammation and tissue repair through paracrine mechanisms or direct interactions with other blood cells. 25, 32 Recently, it has been shown that platelets promote the homing and differentiation of EPCs at sites of vascular injury. [17] [18] [19] [20] [21] [22] [23] [24] Conversely, EPCs may influence platelet function and modulate their thrombogenic properties during vascular repair. To analyze and characterize the action of EPCs on platelet function, we first showed that platelets can bind EPCs but to a lower extent than the binding to PBMCs. The decrease in binding during the differentiation process may be explained by the dynamic changes in the expression of cell surface markers, as well as by the upregulation of platelet inhibiting factors, throughout the process of PBMC differentiation into EPCs. Indeed, we observed a decrease in the expression of PSGL-1 and an increase in the secretion of PGI 2 and NO, thus providing a possible explanation for the significant decrease in the binding of activated platelets to EPCs. We also showed that PBMC-derived EPCs bind activated platelets in a CD62P-dependent manner, thus confirming previous findings demonstrating that the interaction between platelets and EPCs occurs, in part, via CD62P and its high-affinity receptor PSGL-1. 17, 19, [21] [22] [23] [24] In addition to PSGL-1, other mediators such as stromal cell-derived factor-1␣, CXC chemokine receptor-2 and -4, and ␤ 1 -and ␤ 2 -integrins participate in homing of EPCs at sites of vascular injury. [17] [18] [19] [20] Moreover, incubation of platelets with the releasate of EPCs resulted in a profound inhibition of platelet activation, as revealed by the inhibition of CD62P translocation and GPIIb/IIIa activation, both of which are involved in the formation and stabilization of platelet thrombus. 33, 34 The functional impact of EPCs on platelets was also highlighted by their inhibitory effects on thrombin-and collagen-induced aggregation of washed platelets and adhesion to collagen under flow in whole blood. The functional impact of EPCs on platelets was further depicted in a mouse arterial thrombosis model, in which injection of EPCs impaired thrombus mass by 33%, leading to an incomplete occlusion with 50% residual flow. Interestingly, the supernatant of the EPCs was more efficacious than EPCs in inhibiting thrombus formation in vivo, thus confirming the in vitro findings that the main immediate antithrombotic effect of EPCs is related to the release of platelet inhibitory factors. These antiplatelet properties may ultimately lead to the development of novel EPC-derived antithrombotic therapies.
These findings may be of important physiopathological relevance because the acute vascular response to injury involves the adhesion, activation, and aggregation of platelets, followed by the recruitment of other platelets, leukocytes, and possibly circulating EPCs. The recruitment of circulating EPCs at the site of injury may contribute (1) to attenuate the acute thrombotic response by inhibiting platelet function and (2) to promote reendothelialization and vascular repair. This may explain previous observations showing that ex vivo expanded EPCs seeded onto the lumen of a smalldiameter vascular graft and implanted in vivo have a much lower chance of thrombosis and subsequent rejection compared with uncoated controls. 11, 12 Moreover, the use of EPC capture stents during percutaneous coronary intervention reduces the incidence of late stent thrombosis. 14, 16 Thus, EPCs modulate platelet function and appear to play an important role in the management of thrombotic reactions.
The fundamental role of EPCs on platelets may be facilitated primarily by the secretion of thromboresistant factors such as PGI 2 and NO, which are well-known antiplatelet mediators. In fact, we have shown that PBMC-derived EPCs specifically upregulate COX-2 and iNOS during their differentiation and produce PGI 2 and NO. In the present study, however, we identify PGI 2 as the principal mediator involved in the inhibitory action of EPCs on platelet function. This is based on our findings that, in contrast to PBMCs, which constitutively expressed COX-1 but did not produce PGI 2 , EPCs specifically upregulated COX-2 and produced PGI 2 . Additionally, the effects of EPCs on platelet function were reversed by a pan-COX inhibitor (indomethacin) even in the presence of superoxide dismutase, which ruled out an implication of NO in this phenomenon. Indeed, the effects of EPCs were also reversed by a specific COX-2 inhibitor (NS-398), whereas NO scavenging with PTIO, NOS inhibition with N G -nitro-L-arginine, or iNOS inhibition with 1400W was without any significant effects. Thus, PGI 2 most likely represents the major EPC-derived platelet inhibitor. The high levels of NO released from EPCs could be correlated with a high expression of iNOS, whereas eNOS expression was negligible in EPCs. Our findings are in accordance with a recent study showing that iNOS, but not eNOS, is detectable in peripheral blood-derived EPCs. 35 The low expression of eNOS in EPCs derived from peripheral blood may be explained by the fact that they are not fully matured ECs and are preferentially prone to produce NO in a monocytic/macrophage fashion through iNOS upregulation. This may suggest that the level of NO production in EPCs via iNOS is not sufficient to affect platelet function. Recently, Marjanovic et al 36 have shown that NO synthesis during platelet activation not only involves eNOS but is also mediated by the constitutively expressed platelet iNOS. iNOS-derived NO is important in promoting platelet activation, both ex vivo and in vivo, via a cGMP-dependent mechanism. Although our data point to the lack of effects of EPC-derived NO on platelet aggregation, the contribution of platelet-derived NO and its signaling pathways, which are believed to play biphasic roles in platelet function, on the effects of EPCs remained to be explored. Moreover, the role of iNOS in EPCs appears to be important in angiogenesis, perhaps by promoting the recruitment of EPCs near the damaged endothelium. 37 Taken together, this may explain, in part, our observation that the inhibitory effects of EPCs on platelet function in vitro were predominantly PGI 2 dependent but not NO dependent. This does not negate, however, the role of EPC-derived NO as a regulatory factor involved in the secondary phase of vascular repair, including angiogenesis. 37 Our data demonstrate that EPCs regulate platelet function via upregulation of COX-2 and a PGI 2 -dependent inhibition of platelet activation, aggregation, adhesion, and thrombus formation. In addition to the well-documented roles of EPCs in angiogenesis and vascular repair, our findings highlight a new biological role for EPCs in regulating platelet function, which may, in turn, limit thrombogenesis and maintain hemostasis at sites of vascular injury.
